Objective: To determine the effect of exercise on weight gain and adiposity in obesity-prone and -resistant rats. Design: Body weight gain, fat pad weights, food intake, plasma leptin and insulin levels were assessed in outbred male SpragueDawley rats, which remained sedentary or were given unrestricted access to running wheels either before or after they developed diet-induced obesity (DIO) or diet-resistance (DR) on a high energy (HE; 31% fat) diet. Results: When fed a low fat (4.5%) chow diet, rats which would later develop DIO (n ¼ 6) after 3 weeks on HE diet ran the same amount as DR rats (n ¼ 6). Other rats were first made DIO (n ¼ 12) or DR (n ¼ 12) after 10 weeks on HE diet and then either kept sedentary or given running wheels for 4 weeks on HE diet. DIO and DR rats ran comparable amounts but only the DIO rats reduced their body weight gain, fat pad relative to body weights and plasma leptin levels significantly, compared to their sedentary controls. Exercise had no effect on food intake in either DIO or DR rats but reduced feed efficiency (weight gain/caloric intake) in both. Conclusion: Although DIO and DR rats ran similar amounts, the greater reduction in body weight gain and adiposity of exercising DIO rats suggests that they are more sensitive to some metabolic or physiologic system that prevents them from increasing their intake sufficiently to compensate for their net reduction in energy stores.
Introduction
The recidivism rate in the long-term treatment of human obesity is high. Most weight-reduced obese subjects replace lost weight within a few months to years. 1, 2 Similarly, weight-reduced obese rats quickly regain lost weight when allowed free access to food. [3] [4] [5] [6] Weight regain in humans 7, 8 and rats 9 may be partly attributable to the chronic reduction in resting metabolic rate associated with such weight loss. Some humans who successfully maintain their weight loss engage in high levels of exercise. 10 In rats, exercise is uniformly associated with a reduction in body weight gain and carcass adiposity.
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The model of diet-induced obesity (DIO) has many features in common with human obesity 17 and might potentially serve as a good model to study the effects of exercise on body weight regulation. In outbred SpragueDawley rats, approximately half become hyperphagic and develop DIO, whereas the rest are diet-resistant (DR) when fed a diet of moderate fat and energy content (high energy (HE) diet; 31% fat). 18, 19 These two phenotypes are actually genetically separable substrains with regard to the development of obesity. 20, 21 Here, we used outbred Sprague-Dawley rats to assess the effects of voluntary wheel running exercise on the regulation of energy homeostasis in DIO vs DR rats. Based on data from other rodent models of exercise-induced weight loss, 22, 23 we postulated that voluntary exercise would reduce both body weight gain and adiposity selectively in DIO rats.
Methods (Experimental)
Animals and diet Animal usage was in compliance with the animal care committee of the E Orange VA Medical Center. Outbred male Sprague-Dawley rats (Charles River Labs) entered the vivarium at 8 weeks of age. They were singly housed and fed Purina rat chow (#5001) and water ad libitum on a 12:12 light-dark schedule with lights out at 1800 hours. Purina rat chow contains 3.30 kcal/g with 23.4% as protein, 4.5% as fat and 72.1% as carbohydrate, which is primarily in the form of complex polysaccharide. 24 At specific points in both the studies described below, rats were switched to HE diet. This is a defined diet (Research Diets #D12266B, New Brunswick, NJ, USA), which contains 4.47 kcal/g with 21% of the metabolizable energy content as protein, 31% as fat and 48% as carbohydrate, 50% of which is sucrose. 24 Relationship between running and the development of DIO We predicted that chow-fed DIO-prone rats might have lower levels of spontaneous running wheel activity than DR rats prior to the development of obesity. To test this hypothesis, 10 weeks old chow-fed Sprague-Dawley rats (n ¼ 16) were given continuous access to running wheels placed in their home cages (MiniMitter). Their running activity was monitored continuously and recorded as a cumulative number of revolutions at 5 min intervals. Rats were allowed access to the wheels for 1 week and gained a relatively stable baseline running rate after 3-5 days. During their last 24 h in the wheels, cumulative activity was recorded for statistical comparisons. The wheels were then removed and all rats were switched to HE diet for 3 weeks. At the end of this period, the six highest and six lowest weight gainers were retrospectively identified as DIO and DR, respectively. Food intake and body weight gain were monitored at 3-4 days intervals over the entire course of the experiment. After 3 weeks on HE diet, rats were decapitated and the fat pads (epididymal, retroperitoneal, perirenal and mesenteric) were removed and weighed.
Effect of exercise on body weight, fat mass, plasma leptin and insulin levels A group of 30 male Sprague-Dawley rats were fed HE diet for 10 weeks beginning at 10 weeks of age. The 12 highest and 12 lowest weight gainers were retrospectively identified as DIO and DR, respectively. Rats of each weight gain phenotype were randomized by body weight, continued on HE diet and half of each group (n ¼ 6/phenotype) was given continuous access to running wheels placed in their home cages for 4 weeks. The remaining rats remained sedentary during this time (n ¼ 6/phenotype). Body weight was monitored at weekly intervals throughout. After 4 weeks, the running wheels were removed at dark onset and the rats were killed by decapitation between 0800 and 1100 hours, the next day. Trunk blood was collected for plasma leptin and insulin assays and fat pads were removed and weighed. Plasma leptin and insulin levels were assayed by radioimmunoassay (Linco) as indices of total carcass adiposity 25 and insulin sensitivity, 26 respectively.
Statistics
Body weight gain, food intake, plasma leptin and insulin measures were compared among various groups by one way analysis of variance (ANOVA) for Experiment 1 and by two way ANOVA for Experiment 2 with post hoc Bonferroni comparisons when significant differences were found. Feed efficiency (amount of weight gained relative to caloric intake) was calculated as the gain in body weight (g)/food intake (kcal) over a specified period of observation. Correlations between body weight gain, food intake and feed efficiency vs running over the last 3 days of running in chow-fed rats in Experiment 1 was carried out using Pearson's correlation coefficient.
Results
Wheel running as a predictor of DIO When chow-fed rats were given access to running wheels for 1 week running rates stabilized by the last 3 days of the week such that there was a 4-7% variance across these days for the group as a whole. Nevertheless, the individual rates of running were highly variable such that during the last 24 h of the 1-week exposure ranged from 378 to 4623 revolutions per 24 h. We had predicted that DIO-prone rats might run less than DR rats. However, when the six highest and six lowest weight gainers were retrospectively identified as DIO and DR rats after 3 weeks on HE diet, respectively, there were no differences in the running rates over the last 3 days between the groups (Table 1) . Also, there was no correlation between the amount of running over these 3 days, when rats were fed chow and subsequent weight gain on HE diet. Neither was there a correlation between food intake or feed efficiency (weight gain (g)/food intake (kcal) Â 1000) on chow and the amount of running during the last 3 days of wheel exposure. As expected, on HE diet, sedentary DIO rats ate 14% more and gained 45% more body weight than DR rats. This was associated with a 26% greater feed efficiency and 32-79% heavier individual adipose depots. Total weights of the four depots were 50% heavier in DIO than DR rats ( Table 1) .
Effect of exercise on body weight, fat pad weight, plasma leptin and insulin levels In this experiment, 30 rats were fed HE diet for 10 weeks beginning at 10 weeks of age. The 12 highest and 12 lowest weight gainers were retrospectively identified as DIO and DR, respectively ( Figure 1 , Table 2 ). When assigned in this way, DIO rats gained 25% more weight than DR rats over this period and were 10% heavier than DR rats at the end of this period. Half of each of the DIO and DR rats were then provided with continuous access to running wheels for 4 weeks, while the rest were left sedentary. During this period, DIO and DR rats had similar running rates although, again, there was enormous interanimal variability. Average
Exercise and DIO BE Levin and AA Dunn-Meynell running over the last 24 h in the wheel varied from 301 to 2205 revolutions, irrespective of weight gain phenotype (Table 2) . Overall, exercising rats gained less weight over the 4 weeks of wheel running than their sedentary counterparts
While there was no phenotypespecific difference in weight gain over this 4 weeks period by ANOVA, the exercising DIO rats had a significant 63% reduction in weight gain, while DR rats had a nonsignificant (HE) diet for 10 weeks beginning at 10 weeks of age. At that time, the 12 highest weight gainers were designated as diet-induced obese (DIO) and the 12 lowest weight gainers as diet-resistant (DR). Half of each phenotype was provided with running wheels in their home cages whereas the remaining rats remained sedentary for 4 weeks ('Wheel'). *P ¼ 0.05 when body weight gain between sedentary and exercising (wheel) DIO rats were compared by post hoc t test after repeated measures ANOVA showed a significant intergroup difference in weight gain over the last 4 weeks period. By definition, DIO and DR rats differed significantly in weight gain over the initial 10 weeks on HE diet. Outbred male Sprague-Dawley rats (n ¼ 30) were fed HE diet for 10 weeks beginning at 10 weeks of age (Body weight 10 weeks Sedentary). DIO and DR rats were identified retrospectively as the 12 highest and 12 lowest weight gainers on HE diet, respectively. Half of each phenotype was given access to running wheels in their home cages and the other half remained sedentary for the next 4 weeks on HE diet. Data are mean7s.e.m. Data with differing superscripts differ from each other by Pp0.05 by post hoc Bonferroni test after ANOVA showed significant intergroup differences. Abbreviations are the same as in Table 1 .
Exercise and DIO BE Levin and AA Dunn-Meynell 38% reduction in weight gain compared to their respective sedentary controls (Table 2) . Importantly, there was no correlation between the total number of revolutions run over the 4 weeks period and the amount of body weight gained for either DIO or DR rats.
There was a great deal of variability in the effect of exercise on individual fat pads weights (Table 2) . Overall, DIO rats had the heaviest total of four adipose depot weights (F[1,20] ¼ 7.03; P ¼ 0.015), but this was due entirely to the fact that sedentary DIO rats had 27-58% heavier pad weights than all other groups. Although exercise did not significantly affect weight gain in DR rats, it did lead to a significant 20% reduction in total fat pad weights compared to their sedentary controls. However, when expressed as a function of body weight, there was no significant reduction in their relative fat pad mass ( Table 2 ). On the other hand, exercise caused a 29% reduction in total pad weights in DIO rats compared to their sedentary counterparts and this was even more marked when expressed as a function of body weight. Exercising DIO rats had 37% lower relative fat pad mass than their sedentary controls. The reduction in fat pad mass was particularly evident in the retroperitoneal and mesenteric depots. The exercise-induced reduction in adipose depot weights was paralleled by reductions in plasma leptin levels ( Table 2) . Exercise reduced leptin levels in both DIO and DR rats (F[1,20] ¼ 4.54; P ¼ 0.04), but DIO rats still had higher levels than DR rats overall (F[1,20] ¼ 9.10; P ¼ 0.006). This latter effect was solely due to the fact that sedentary DIO rats had 37-56% higher leptin levels than all other groups. The 19% lower leptin levels in exercising than sedentary DIO rats also accounted for the overall effect of exercise since leptin levels did not differ between exercising and sedentary DR rats. Thus, by several markers of adiposity, DIO rats were fatter and showed a selective exercise-induced reduction in adiposity.
Unlike the lack of correlation with running, there were significant correlations between the amount of food intake and the amount of weight gain during the 4 weeks period of running for both DR (r ¼ 0.81; P ¼ 0.001) and DIO (r ¼ 0.89; P ¼ 0.001) rats. There were similar correlations with total adipose pad weights (DR; r ¼ 0.92; P ¼ 0.001; DIO; r ¼ 0.90; P ¼ 0.001). Overall, DIO rats ate more than DR rats (F[1,20] ¼ 5.12; P ¼ 0.04; Table 2 ) over the final 4 weeks period. However, exercising rats ate the same amount as sedentary rats, regardless of their phenotype. Since they gained less weight overall, exercising rats had significantly lower feed efficiency over this period (F[1,20] ¼ 10.9; P ¼ 0.005). As they gained the least amount of weight over this period, exercising DIO rats had the lowest feed efficiency of all groups (Table 2) . Their feed efficiency was only 46% of their sedentary controls. Thus, despite their reduced weight gain and adiposity, exercising rats never fully compensated by increasing their intake enough to correct for the increase in exercise-induced energy expenditure and net negative energy balance.
Discussion
Voluntary wheel running over a 4 weeks period reduced the body weight gain and adiposity of outbred DIO rats fed a 31% fat HE diet. Whereas there was a tendency for exercising DR rats to gain less weight and adiposity than that of their sedentary controls, this did not reach statistical significance. Importantly, 50 year ago Mayer et al. 27 showed a similar selective effect of exercise on lowering body weight in obese vs lean mice. Although there was wide interindividual variability in the amount of running, outbred DIO rats in the current study ran the same average distance as DR rats, both before and after HE diet exposure. Neither was there a correlation with the amount of running and the reduction in body weight gain nor adiposity. On the other hand, both of these parameters correlated highly with food intake in exercising rats. These findings are remarkably similar to our previous ones in rats selectively bred to develop DIO from the same outbred population of rats used here. In those rats, body weight gain and adiposity were also independent of the amount of running but correlated highly with the amount of food intake during exercise. 28 Thus, it appears that rats maintain their lower levels of weight gain and adiposity on HE diet by adjusting food intake but not the amount of exercise they perform. Since they reduced their weight gain but did not decrease their overall intake, exercising rats had significantly reduced feed efficiency compared to sedentary rats, and this was more marked in DIO rats. This lowering of feed efficiency is likely to be due to a combination of exercise-induced energy expenditure plus an increase in both the resting metabolic rate and the thermic effect of food.
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Regardless of the adjustments made, it is clear that exercising DIO rats did not increase their energy intake sufficiently to compensate for their net negative level of energy balance. On the other hand, although they had a nonsignificant tendency to gain less body weight and adiposity than sedentary controls, exercising DR rats made appropriate adjustments to allow them to remain in relatively better energy homeostasis than exercising DIO rats. This is similar to the differential adjustments in intake made by DIO and DR rats when they are first exposed to the HE diet. 29 Such a differential loss of adiposity in exercising obese rats has been reported in obese vs lean Zucker 22 and obesity-prone Osborne-Mendel vs obesity-resistant SB5/Pl rats. 23 On the other hand, neither corpulent (LA/N-cp) rats 30 nor rats with lesions of the ventromedial hypothalamus 31 show a differential exercise-induced loss of adiposity compared to their respective lean controls. The amount of running rats do in a running wheel may be more a measure of the rewarding properties of running than of their inherent activity levels. In fact, this hardly matters to the way in which exercise influences the defended level of adiposity. Nevertheless, outbred DIO and DR rats not only have similar levels of running wheel activity but also have comparable levels of activity in a 40 Â 40 cm open field before exposure to HE diet. 32 However, unlike running wheel
Exercise and DIO BE Levin and AA Dunn-Meynell activity which was halved after 4 weeks on HE diet in both DIO and DR rats in the current study, DIO rats progressively reduced their open field activity as they became obese, while DR rats on HE diet maintained the same level of activity over the same period. 32 Importantly, running wheel activity is not an invariant characteristic of the DIO and DR weight gain phenotypes. While running rates were similar in outbred DIO and DR rats, rats selectively bred from this same outbred population to be DIO run only half as much as those bred to be DR both before HE diet exposure (unpublished observation). On the other hand, when selectively bred DIO rats were backcrossed against obesity-resistant Fischer F344 rats, the resultant substrain had the same level of running wheel activity as the parent F344 strain but still maintained the DIO phenotype. 21 Thus, while the amount of wheel running activity may reflect the genetic background of a rat, it appears to have little impact on the regulated level of adiposity.
In fact, the most important feature of exercise in rats is that, despite a consistent reduction in weight gain and adiposity, they do not increase their intake sufficiently to compensate for this negative energy balance. We previously showed this same lack of compensation for lost adiposity in selectively bred DIO rats provided with running wheels. 28 This failure to compensate occurs even when there is increased hypothalamic arcuate nucleus neuropeptide Y (NPY) expression, 33 a change which is usually associated with reduced energy expenditure, increased hunger, food intake and body weight. 34, 35 Chronically food restricted sedentary rats have comparably elevated arcuate NPY expression and quickly regain lost weight and adiposity when allowed free access to food. 3, 36 The effect of exercise on food intake is highly dependent upon several experimental factors including strain, dietary fat content 11, 15 and palatability. 16 Depending upon these conditions, exercise is associated with increased, 14,23 decreased 15 or no change in intake. [11] [12] [13] However, regardless of the overall effect on intake, exercising rats fail to make the appropriate alterations in their overall energy homeostasis to maintain the rate of body weight gain or adiposity of sedentary rats. This raises the question of whether there is some metabolic or physiologic signal produced by exercise, which lowers the defended level of body weight and adiposity. Clearly, a variety of metabolic and physiologic signals can have important effects on these parameters. Dehydrated rats become hypophagic and lose weight, even in the face of elevated arcuate nucleus NPY expression. 37 Similarly, tumorbearing rats reduce intake and body weight, despite elevated arcuate NPY expression and reduced expression of the catabolic corticotrophin-releasing hormone. 38 Perhaps exercise-produces some metabolic or physiologic signal which is sensed differently than those related to pure restriction of energy intake. The cytokine interleukin-6 (IL-6) is one such potential signal. It is generated and released by exercising muscles at rates which are inversely proportional to the amount of muscle glycogen stores. [39] [40] [41] [42] Importantly, IL-6 can enhance leptin signaling both peripherally 42 and centrally 43 and reduces body weight and adiposity when administered centrally. 43, 44 Lactate is another potential candidate. Exercise increases plasma and brain lactate levels [45] [46] [47] [48] [49] and lactate can act as an alternate energy source and/or signaling molecule for metabolic sensing neurons involved in the regulation of energy homeostasis. 50 Such neurons might interpret the excess of lactate as an excess of peripheral energy stores leading to a reduction in the defended body weight and adiposity.
In conclusion, voluntary wheel running produced a selective lowering of body weight gain and adiposity in outbred DIO, as compared to DR rats. The greater effect in DIO rats was not a function of the amount of running since running both before and after exposure to the obesity-producing HE diet did not differ between the phenotypes. The most striking feature of the exerciseinduced reduction in weight gain and adiposity in rats is the lack of a consistent compensatory alteration in energy homeostasis to offset the negative energy balance. It is possible that some metabolic or physiologic signals associated with exercise are responsible for this lowering of the defended body weight and adiposity. Whatever that additional signal might be, it appears that DIO rats are more sensitive to its negative feedback.
